Bitter taste-sensing G protein-coupled receptors (type 2 taste receptors [T2Rs]) are expressed in taste receptor cells of the tongue, where they play an important role in limiting ingestion of bitter-tasting, potentially toxic compounds. T2Rs are also expressed in gut-derived enteroendocrine cells, where they have also been hypothesized to play a role in limiting toxin absorption. In this study, we have shown that T2R gene expression in both cultured mouse enteroendocrine cells and mouse intestine is regulated by the cholesterol-sensitive SREBP-2. In addition, T2R stimulation of cholecystokinin (CCK) secretion was enhanced directly by SREBP-2 in cultured cells and in mice fed chow supplemented with lovastatin and ezetimibe (L/E) to decrease dietary sterol absorption and increase nuclear activity of SREBP-2. Low-cholesterol diets are naturally composed of high amounts of plant matter that is likely to contain dietary toxins, and CCK is known to improve dietary absorption of fats, slow gastric emptying, and decrease food intake. Thus, these studies suggest that SREBP-2 activation of bitter signaling receptors in the intestine may sensitize the gut to a low-fat diet and to potential accompanying food-borne toxins that make it past the initial aversive response in the mouth.
Introduction
In mammals, the sense of taste has been divided into 5 different modalities: bitter, sweet, sour, salty, and umami. Of these, bitter perception has a particularly important role in host defense, as it functions as a warning signal against the ingestion of toxic substances through direct taste aversion, induction of the pharyngeal gag reflex, and nausea (1, 2) . The recognition of bitter components in the diet is mediated through a family of single-exon GPCRs called type 2 receptors (T2Rs) (2) (3) (4) . Different mammalian species have varying numbers of functional T2Rs and pseudogenes, and this family is subject to high rates of genetic variation (1, 2) . Current genome annotation records suggest there are more than 30 putative functional T2Rs in the mouse genome, while there are somewhat fewer in humans, and most have close homologs in the mouse (5, 6) . As predicted by their roles in dietary sensing, T2Rs are prominently expressed in the taste receptor cells (TRCs) of the tongue and surrounding lingual epithelia of the oral cavity (4). Individual T2Rs respond to different bitter tasting agonists, which initiate a signal in the TRC that is relayed through a classic G protein-coupled cascade. The signal relay utilizes a specific Gα subunit called α-gustducin that ultimately activates the gustatory nerve (7) (8) (9) . In contrast, there is a single heterodimeric GPCR for sweet sensing made up of T1R2 and T1R3 receptor monomers that is also expressed in TRCs (10, 11) .
Interestingly, mRNAs for both the sweet and bitter receptors along with α-gustducin are also expressed in the intestinal mucosa, enteroendocrine cells, and pancreas in both humans and rodents (6, 12) . Additional studies of cultured lines of enteroendocrine cells indicate T2Rs are expressed and respond to receptor agonists by increasing secretion of cholecystokinin (CCK) (13, 14) . Sweet taste receptors are also expressed in enteroendocrine cells, and their expression in the gut has recently been linked to elevated glucagon like peptide-1 (GLP-1) secretion and enhanced glucose uptake (15, 16) . These findings suggest that a conserved taste receptor-sensing mechanism exists in the digestive tract that might play important roles in regulation of gastrointestinal peptide secretion, with significant influences on dietary absorption, satiety, and intestinal physiology. One hypothesis suggests that T2Rs in the intestinal tract may stimulate the secretion of gut peptides to limit the absorption of potentially toxic compounds that reach the small intestine despite the initial aversion response through T2R action in the TRCs of the tongue.
SREBPs are basic helix-loop-helix transcription factors and are recognized as key regulators of mammalian lipid homeostasis (17, 18) . The 3 known SREBP isoforms are encoded by 2 genes, SREBF1 and SREBF2. SREBP-1a and SREBP-1c are encoded by the SREBF1 gene through the use of different promoters that give rise to alternate first coding exons (18) . SREBP-1 preferentially activates genes involved in fatty acid and glucose/insulin metabolism, whereas SREBP-2, encoded by a distinct gene, is more specific for genes of cholesterol metabolism (19) .
We recently found that in mice fed a chow diet supplemented with lovastatin and ezetimibe (L/E) to limit dietary sterol absorption and decrease endogenous HMG-CoA reductase activity, nuclear levels of hepatic SREBP-2 are upregulated, while nuclear SREBP-1 expression declines (20) . ChIP studies revealed genespecific binding of SREBP-1 and SREBP-2 isoforms to known SREBP-responsive genes (20) . In the current study, we performed a genomic promoter-wide ChIP-chip analysis for SREBP-2 binding to chromatin from livers of L/E-fed mice, which revealed that a number of the T2R promoters were bound by SREBP-2. Further studies showed that T2R gene expression and CCK secretion from both cultured enteroendocrine cells and mouse intestine are under control of SREBP-2. These results suggest that cholesterol regu-lation and SREBP-2 might be associated with dietary sensing of bitter, potentially toxic compounds. Based on the known roles of CCK in stimulating gall bladder contraction and limiting both food intake and gastric motility, we suggest that SREBPs have evolved as important environmental sensors to coordinate physiological responses to dietary constituents as diverse as essential nutrients and toxins.
Results

T2Rs as novel SREBP-2-responsive genes. In order to identify novel
SREBP-2 target genes, we performed a whole genome promoter ChIP-chip assay with chromatin isolated from livers of mice fed a diet supplemented with L/E. The lovastatin inhibits HMG-CoA reductase, and the ezetimibe blocks dietary cholesterol absorption. The mice respond as though they are cholesterol starved, and nuclear levels of hepatic SREBP-2 increase significantly (20) . Using DNA enriched with an SREBP-2 antibody, we interrogated a promoter array containing tiled oligonucleotide probes from more than 25,000 mouse promoters. Interestingly, we found that SREBP-2 bound to several promoters for the T2R family of bitter taste receptor genes. An example of this is presented in Figure 1A , showing that SREBP-2 bound to several adjacent tiled probes from the mT2R138 promoter (top graph). In contrast, use of a control IgG provided no significant enrichment (middle graph). We also used T2R138 promoter-specific primers in a gene-specific quantitative PCR (qPCR) to confirm the microarray results ( Figure 1B Figure 2 ). Sterol depletion, a standard culture manipulation resulting in increased nuclear accumulation of SREBPs and an increase in SREBP target gene expression (17, 18) , specifically increased mRNA levels of SREBP-2 (data not shown) and its wellknown target gene, HMG-CoA reductase, in STC-1 cells ( Figure  2A ). mT2R138 mRNA levels were also increased to a comparable level. In addition, both mT2R138 mRNA and protein levels and the nuclear form of SREBP-2 were dramatically elevated by addition of atorvastatin as well as sterol depletion to limit cholesterol synthesis in the STC-1 cells (Figure 2, A and B) . Furthermore, when STC-1 cells were infected with a recombinant adenovirus expressing human SREBP-2, mT2R138 mRNA expression was increased in a dose-dependent manner ( Figure 2C ).
SREBP-2 activates mT2R138 promoter through binding to SRE2. To determine whether there is a direct effect of SREBP-2 on the mT2R138 gene and its promoter, we fused the T2R138 gene 5′ flanking sequence (-1,790 to +119) to luciferase and performed cotransfection assays in 293T cells with an expression vector for SREBP-2. Inclusion of the SREBP-2-expressing construct resulted in a 4-fold increase in T2R138 promoter activity ( Figure 3A) , and by analyzing a series of promoter deletion constructs, an SREBP-2-responsive region was identified between -1,582 and -750 ( Figure 3B ). This region harbors sequences with strong homology to the consensus SRE motif (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI36461DS1), and we showed that purified recombinant SREBP-2 bound specifically to a small oligonucleotide probe encompassing this region ( Figure 3C ). 
SREBP-2 regulates CCK secretion through bitter taste signaling.
Treatment of STC-1 cells with T2R agonists results in a rise in intracellular Ca 2+ , followed by an increase in gut-derived peptide secretion (13, 21) . Based on our studies so far, we hypothesized that SREBP-2 might regulate signaling through T2Rs, and because we have focused so far on mT2R138, we chose to evaluate signaling through its known agonist, phenylthiocarbamide (PTC). As shown in Figure 4 , PTC stimulates the secretion of CCK in STC-1 cells, and this is enhanced when the cells are cultured in sterol-free medium to induce SREBP-2. The sterol-dependent increase in secretion was blunted when EGTA was added to prevent the increase in intracellular Ca 2+ ( Figure 4A ). We also showed that sterol depletion resulted in an increase in the PTCdependent secretion of GLP-1, another gut-derived peptide, from STC-1 cells ( Figure 4B ).
To more directly evaluate T2R138 and SREBP-2 in the PTC stimulation of CCK secretion in STC-1 cells, we treated cells with an siRNA that targets mT2R138 mRNA or a dominant-negative (DN) SREBP adenovirus that decreases SREBP activity ( Figure 5 ). In this experiment, sterol depletion increased mT2R138 mRNA levels and stimulated PTC-dependent secretion of CCK as in Figure 4 , and both were significantly blunted by either an siRNA directly targeting T2R138 expression or the DN-SREBP adenovirus ( Figure 5 ).
Localization of mT2R138 and regulation of mT2Rs in mouse small intestine. T2R gene expression has been detected in RNA isolated
from the small intestine, but the localization of T2R protein has not been reported; however, its presumed location is enteroendocrine cells. To evaluate the localization of mT2R138 receptor in the mouse small intestine, tissue sections were prepared from the mouse proximal intestine and incubated with antibodies against T2R138 and chromogranin A, a well-established marker for enteroendocrine cells (22, 23) . Consistent with previously published results (15, 24, 25) , chromogranin A was detected by immunofluorescence in a small fraction of cells with morphology expected for enteroendocrine cells, and this was coincident with cells expressing T2R138 ( Figure 6 ). We next evaluated whether SREBP-2 regulates mT2R gene expression and activity in the intact animal. For this analysis, we measured mRNA levels for 34 identified mouse T2R genes in both STC-1 cells and RNA prepared from tissues of mice fed either a control or L/E-supplemented diet. As shown in Table 1 , expression of most T2R genes was upregulated when SREBP-2 levels were increased in both the sterol-depleted STC-1 cells and the proximal small intestine from L/E-treated versus control mice. In contrast, T2R gene expression in the tongue was not induced by the L/E feeding, and most T2Rs were either not expressed or displayed only minor variation in response to the L/E treatment in the distal small intestine (Supplemental Table 1 ).
SREBP-2 regulates bitter tastant-elicited plasma CCK secretion. To determine whether the T2R signaling mechanism we studied above in STC-1 cells is also functional and possibly regulated by SREBP-2 in the mouse gastrointestinal tract, a mixture of PTC and cycloheximide (CYC), T2R agonists that target 2 different T2Rs, was introduced into control and L/E-fed mice through oral gavage, and plasma levels of CCK were measured 3 hours later. As shown in Figure 7 , plasma levels of CCK were significantly elevated in the agonist-treated animals of the L/E-fed group.
Discussion
Bitter tasting agonist signaling through the T2Rs in the tongue represents an evolutionarily conserved aversive response to prevent the ingestion of bitter-tasting dietary toxins. T2Rs are also expressed in endocrine cells of the mammalian gut (6, 21) , where they have been hypothesized to stimulate gut hormone secretion to prevent the absorption of potentially toxic compounds that are swallowed despite their bitter taste in the mouth. The T2Rs are unique single-exon GPCRs; there are 25 predicted functional receptors in the human genome, and while the mouse has homolog of all 25, there are approximately 10 additional functional T2Rs in the mouse genome (1) .
Bitter tasting agonist binding to T2Rs activates a signaling cascade through a selective Gα subunit, α-gustducin, leading to the stimulation of phospholipase Cβ2 (PLCβ2) (26) . In the tongue, activation of PLCβ2 leads to production of the 2 intracellular messengers inositol-1,4,5-trisphosphate and diacylglycerol and ultimately leads to the gating of the transient receptor potential protein and activation of the gustatory nerve (26) (27) (28) . In enteroendocrine cell lines, bitter tasting agonist signaling increases intracellular Ca 2+ concentrations and stimulated CCK secretion (13, 21) . Moreover, gastric infusion of the bitter tasting agonist denatonium benzoate delayed gastric emptying and elicited aver-
Figure 4
Bitter taste agonist signaling stimulates secretion of gut peptides CCK (A) and glucagon-like peptide-1 (GLP-1) (B) from STC-1 cells is SREBP-2 responsive. STC-1 cells were cultured in the absence or presence of sterols (12 μg/ml cholesterol and 1 μg/ml 25-hydroxycholesterol), and after 24-hour incubation, medium was removed and cultures were rinsed with HBSS. Cells were pretreated in the absence or presence of 1.25 mM EGTA (for block of calcium flux) for 2 minutes as indicated, and then PTC was added to the cultured STC-1 cells at different concentrations for 45 minutes at 37°C. Secreted levels of CCK and GLP-1 were measured in the culture media by an EIA assay. Data are mean ± SEM; n = 5 for 6 separate experiments.
Figure 5
CCK secretion in STC-1 cells is regulated by T2R138 agonist through SREBP-2. (A) STC-1 cells in 12-well microplates were transfected with an siRNA targeting mT2R138 or control siRNA (10 nM). Forty-eight hours after transfection, medium was removed and cultures were rinsed with PBS, and cells were cultured in the absence or presence of sterols (12 μg/ ml cholesterol and 1 μg/ml 25-hydroxycholesterol); where indicated, atorvastatin (1 μM) was included. After 24-hour incubation, cells were treated with PTC (10 mM final concentration) for 45 minutes. The media and cells were collected and analyzed for CCK by EIA or RNA levels by RT-qPCR. (B) STC-1 cells in 6-well microplates were infected with Ad-DN-SREBP or Ad-GFP (10 MOI) for 24 hours and analyzed as in A. Data are mean ± SEM; n = 5 for 5 separate experiments. § P < 0.05, † P < 0.01, # P < 0.001, *P = NS versus control. NCi, negative control siRNA.
sion to a flavored drink in rats (29) , and because CCK delays gastric emptying and decreases food intake, it could play a direct role in the gut sensing mechanism to help limit the absorption of dietderived bitter tasting toxins (30) .
In this study, we identified promoters for T2R genes as novel binding targets of the cholesterol-sensitive SREBP-2 transcription factor. At first, the physiological relevance of this binding was unclear, as our ChIP-chip analysis was performed on liver tissue where expression of T2Rs was undetectable. However, we showed that SREBP-2 activates T2R gene expression in the enteroendocrine cell line STC-1, and agonist-responsive signaling through one receptor, T2R138, was enhanced in an SREBP-2-dependent fashion. We also demonstrated that T2R138 localized to enteroendocrine cells in the proximal intestine, where mRNA levels for many of the individual T2Rs were increased when mice were fed a diet supplemented with L/E, which increases nuclear SREBP-2 activity. Additionally, when a mixture of T2R agonists was introduced into the gastrointestinal tract of mice directly by oral gavage, plasma levels of CCK were elevated in the L/E treatment group.
Taken together with other published observations, our data indicate SREBP-2 might be associated with dietary sensing of bitter-tasting constituents of food that are potentially toxic. We suggest that the increased SREBP-2 activity associated with a lowcholesterol diet may be important to increase the sensitivity of the intestinal T2R signaling system. This would make the gut more responsive to the presence of potentially toxic compounds that escape the initial aversive response in the mouth.
In considering this possibility, it is interesting to note that a naturally low-cholesterol diet is high in plant material, which is inherently richer in bitter and potentially toxic compounds relative to a high-cholesterol diet composed of significant amounts of animal flesh. Thus, on a low-cholesterol diet, there is an increased need to absorb the relatively small amounts of essential fats and fat-soluble vitamins that are present and to prevent the absorption of potentially toxic/bitter substances in plant-derived foods (31) (32) (33) .
The well-described hormonal actions of CCK are consistent with a role in limiting absorption of dietary toxins while maximizing absorption of essential lipid components that are only provided in limited amounts when ingesting a plant-enriched diet (30, 34) . CCK both reduces appetite and slows gastric emptying, which would on the one hand reduce further consumption of the toxic meal and, on the other, ensure that the food that does make it into the stomach has more time to be expelled through emesis, a protective response that is also induced by bitter receptor signaling. Additionally, CCK stimulates gall bladder contraction, and the associated increase in bile acids entering the intestine may aid in the breakdown and absorption of complex carbohydrates and other plant matter that is difficult to digest. This would also facilitate the absorption of low levels of essential fats and fat-soluble vitamins. Both the T2Rs and SREBP pathway are conserved in humans, so it is likely that the mechanism described here is relevant to human physiology as well. Since the combination drug Vytorin, which is a mixture of ezetimibe and a statin, is being widely used to treat hypercholesterolemia in humans, it might be possible to evaluate the link between SREBP-2 and T2Rs in humans.
SREBPs were first identified as key regulators of cholesterol and fatty acid metabolism in mammals (35, 36) . Subsequent studies indicate that they are more globally involved in cell-environment interactions, including apoptosis in response to bacterial toxin (37) and phagocytosis (38) . In fission yeast, SREBPs have evolved to sense oxygen levels (39) and Cph2, a bHLH protein closely related to SREBPs, is involved in pseudohyphal growth in Candida albicans (40) , which occurs in response to environmental cues. Taken together with our current studies, these observations indicate that SREBPs have evolved to play a fundamental role across the Eukarya in the interactions between organisms and their environment.
Methods
ChIP-chip promoter array. ChIP assays from mouse liver were performed as previously described (20) . To prepare samples for the ChIP-chip array, after reversing the crosslinking and isolating the ChIP-enriched DNA, gene-specific enrichment for HMG-CoA reductase and LDL receptor promoters in
Figure 6
Colocalization of T2R138 and chromogranin A in the mouse small intestine. Tissue sections from mouse proximal intestine were embedded in paraffin and analyzed for expression of the T2R138 taste receptor protein (green) and chromogranin A protein (red) by immunofluorescence (scale bars: 10 μm). T2R138 colocalized with chromogranin A as shown in the merged image (yellow), and the two proteins localized at the apical membrane (triangle) in a small fraction of total cells.
Figure 7
Stimulation of CCK secretion in response to oral gavage with T2R agonists is increased by dietary upregulation of SREBP-2. C57BL/6 mice were fed a control chow diet (N) or a chow diet supplemented with L/E as described in Methods, and then a mixture of T2R agonists (PTC at 30 mg/kg BW and cycloheximide [CYC] at 10 mg/kg BW) was introduced through oral gavage. Plasma CCK levels were measured 3 hours later. Data are mean ± SEM; for n = 5 for 5 separate experiments. *P < 0.05 relative to N-fed mice (3 hours). DW, distilled water. the L/E chromatin relative to chow control chromatin was confirmed, and the SREBP-2, IgG control, and input DNA were prepared for hybridization to the 1.5-kb mouse promoter array (NimbleGen/Roche) using a random PCR amplification protocol (41) . The hybridization was analyzed by the Signal Map software program from NimbleGen/Roche.
The qPCR primers for the mouse promoters were as follows: HMG-CoA reductase, sense, 5′-GCTCGGAGACCAATAGGA-3′, antisense, 5′-CCGCCAATA-AGGAAGGAT-3′; LDL receptor, sense 5′-GAACTTCCCACTGCTGC-3′, antisense, 5′-CACGCCCAGAGTCATTC-3′; T2R138, sense, 5′-TGTCAG-CAAGTGCTTCTTGG-3′, antisense, 5′-GGGCTACCCACTCATTCAAA-3′.
Plasmids. The mouse mT2R138 promoter constructs (-1,780 to +119 and 5′ deletions) were cloned by PCR amplification using mouse genomic DNA as template, followed by recombination with the pDONR201 vector according to Gateway technology (Invitrogen). The mT2R138 construct was transferred by Gateway technology (Invitrogen) into the luciferase reporter vector p-LUC-GW kindly provided by J. Imbert (Institut PaoliCalmettes, Marseille, France). All constructs were verified by DNA sequencing. The plasmids, 2×flag pCDNA3.1+ SREBP-2 and pSynSRE-positive control SREBP reporter, have been previously described (42) .
Transient transfection in 293T cells. 293T cells (2 × 10 5 cells/well) seeded in 24-well plates were transfected with luciferase reporter and expression plasmids using Lipofectamine 2000 reagent (Invitrogen). A pCMV-β-gal expression construct was included in every transfection as a normalization control. Twenty-four hours after transfection, cells were harvested and assayed for luciferase and β-gal activities.
siRNA
transfection and adenovirus infection in STC-1 cells. STC-1 cells (ATCC)
were maintained in DMEM supplemented with 10% FBS and antibiotics (100 U/ml penicillin plus 50 mmol/l streptomycin) in an atmosphere of 5% CO2 at 37°C. The siRNA targeting mT2R138 (GenBank accession number NM_001001451) and nontargeting siRNA control were purchased from Dharmacon (siGENOME ON-TARGETplus SMART pool L-067135-01-0005 for T2R138). The cells (2 × 10 5 cells/well) seeded in 12-well plates were transfected for 48 hours with 10 nM of each siRNA using RNAiMAX reagent (Invitrogen) according to the manufacturer's instructions, and dishes were washed and refed with media with or without sterols (12 μg/ml cholesterol and 1 μg/ml 25-hydroxycholesterol) and with or without atorvastatin, as described previously (43) . Cells were harvested 24 hours later. For adenovirus infection, STC-1 cells (1 × 10 6 cells/well) seeded in 6-well plates were infected with Ad-hSREBP-2 (I. Shechter, Uniformed Services University, Bethesda, Maryland, USA), Ad-DN-SREBP (J.B. Kim, Seoul National University, Seoul, Republic of Korea), or Ad-GFP (10 MOI) for 24 hours and collected for analysis after a further 24-hour incubation.
RNA analysis. Total RNA was extracted from STC-1 cells or mouse tongue or intestine with TRIzol (Invitrogen) and QIAGEN RNeasy isolation kits (QIAGEN) and used for RT-qPCR with an iQ5 Real-Time PCR Detection System (Bio-Rad). mRNA levels were normalized for expression of ribosomal protein L32 mRNA as control and calculated by the comparative threshold cycle method.
Immunoblotting. Cells were washed PBS and centrifuged at 1,000 g for 5 minutes at 4°C. Pellets were resuspended in lysis buffer (50 mM HEPES-KOH at pH 7.6, 100 mM NaCl, 1.5 mM MgCl2, 1% Nonidet P-40, and 10 μg/ml leupeptin, 5 μg/ml pepstatin, 25 μg/ml N-acetyl-leucinal-leucinal-norleucinal, and 2 μg/ml PMSF), rotated at 4°C for 30 minutes, and centrifuged at 20,000 g for 20 minutes at 4°C. The supernatants were separated by 10% (v/v) SDS-PAGE and then transferred to nitrocellulose membranes and subjected to immunoblotting using the polyclonal goat anti-mT2R138 (F-14; Santa Cruz Biotechnology Inc.), a polyclonal rabbit anti-mouse SREBP-2, and β-actin (Sigma-Aldrich). The blots were visualized using ECL detection reagents (GE Healthcare).
CCK secretion from STC-1 cells. Cells were rinsed with HBSS (Invitrogen) supplemented with 20 mM HEPES, and 0.1% BSA and PTC (Sigma-Aldrich) or EDTA dissolved in HBSS were then added to the culture. Cells were then incubated at 37°C for 45 minutes. The medium was collected and centrifuged at 4°C for 5 minutes at 1,000 g to remove cell debris, and the supernatants were stored at -20°C. CCK was measured by ELISA (Phoenix Pharmaceuticals Inc.).
Animals and gavage administration of T2Rs agonists. Six-week-old male C57BL/6 mice were purchased from The Jackson Laboratory and fed a normal rodent chow diet and allowed to adapt for 2 weeks to a 12-hour light/12-hour dark cycle. Mice were separated into 2 groups of 4-6 animals per group. One was maintained on a normal chow diet (N) and the other group (L/E) was fed normal chow supplemented with a mixture of lovastatin (100 mg lovastatin [2.5 tablet equivalents]/100 g chow, w/w; Mylan) and ezetimibe (from MERCK/Schering-Plough Pharmaceuticals; 21 mg ezetimibe [2.1 tablet equivalents]/100 g chow, w/w). After 7 days on this diet, a mixture of PTC and CYC (Sigma-Aldrich) in sterilized distilled water was administered by oral gavage to one group of mice on each diet, and distilled water was delivered to control groups. All manipulations were staggered so that animals were all sacrificed at the same time by CO2 asphyxiation at the end of the dark cycle (8 a.m.). For RNA isolation, tongue, liver, and intestine were collected. Blood samples were collected from the heart before (0 hours) and after gavage (3 hours), and plasma CCK concentration was measured by ELISA (Phoenix Pharmaceuticals Inc.). All results reported here were from experiments repeated at least twice, and 2 independent feeding studies were performed, with similar results across all experimental measurements. Animal experiments were approved by the University of California, Irvine IACUC (protocol 97-1545).
Immunohistochemistry. Sections of paraffin-embedded jejunum (10 μm thick) were dewaxed in xylene and rehydrated, and antigen retrieval was performed by heating of sections with 10 mM citrate buffer, pH 6, for 15 minutes in a microwave. Sections were washed in PBS and blocked for 30 minutes in 1% BSA, 0.02% Triton X-100, and 10% goat serum. Serial sections were incubated with both primary antibodies against goat polyclonal T2R138 (1:100; Santa Cruz Biotechnology Inc.) and rabbit polyclonal chromogranin A (1:100; Abcam), washed in PBS 3 times for 15 minutes, and incubated with Alexa Fluor 488-conjugated donkey anti-goat secondary antibody (Invitrogen) and Cy3-conjugated goat anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories Inc.). The sections were washed in PBS 3 times for 15 minutes and mounted by VECTASHIELD (Vector laboratories). Images from serial sections were acquired by an inverted microscope Axioskop using the AxioVision camera and software (Zeiss).
Statistics. The data are presented as mean ± SEM. Differences between the means of the individual groups were assessed by 1-way ANOVA with Duncan's multiple range tests for the results shown in Figure 5 ; differences were considered significant at P < 0.05. Student's t test was used to compare the chow (N) versus L/E groups; significance was determined at P < 0.05. The statistical software package Prism 5.0 (GraphPad Software) was used for these analyses.
